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Solution structure of PCP, a prototype for the peptidyl carrier
domains of modular peptide synthetases
Thomas Weber1, Roland Baumgartner2†, Christian Renner2,
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Background: Nonribosomal peptide synthetases (NRPSs) are large modular
enzymes responsible for the synthesis of a variety of microbial bioactive
peptides. They consist of modules that each recognise and incorporate one
specific amino acid into the peptide product. A module comprises several
domains, which carry out the individual reaction steps. After activation by the
adenylation domain, the amino acid substrate is covalently tethered to a
4′-phosphopantetheinyl cofactor of a peptidyl carrier domain (PCP) that passes
the substrate to the reaction centres of the consecutive domains.
Results: The solution structure of PCP, a distinct peptidyl carrier protein
derived from the equivalent domain of an NRPS, was solved using NMR
techniques. PCP is a distorted four-helix bundle with an extended loop between
the first two helices. Its overall fold resembles the topology of acyl carrier
proteins (ACPs) from Escherichia coli fatty acid synthase and actinorhodin
polyketide synthase from Streptomyces coelicolor; however, the surface polarity
and the length and relative alignment of the helices are different. The conserved
serine, which is the cofactor-binding site, has the same location as in the ACPs
and is situated within a stretch of seven flexible residues.
Conclusions: The structure of PCP reflects its character as a protein domain.
The fold is well defined between residues 8 and 82 and the structural core of
the PCP domain can now be defined as a region spanning 37 amino acids in
both directions from the conserved serine. The flexibility of the post-
translationally modified site might have implications for interactions with the
cooperating proteins or NRPS domains.
Introduction
Nonribosomally synthesised peptides of microbial origin
form a group of bioactive substances that show wide struc-
tural diversity and broad biological effects. Included in this
large class of substances are not only virulence-conferring
siderophores, such as yersiniabactin and mycobactin, but
also the peptide antibiotic families of penicillins,
cephalosporins, and vancomycins and immunosuppressive
agents such as cyclosporin A. In addition to the set of pro-
teinogenic amino acids, nonribosomally synthesised pep-
tides might contain other residues such as D-, β-,
N-methylated and β-hydroxy-amino acids [1,2]. This diver-
sity of structural elements is provided by the protein tem-
plates that assemble these molecules—the nonribosomal
peptide synthetases (NRPSs). NRPSs form a large family of
modular enzymes that assemble their products by applying
the multiple-carrier thiotemplate mechanism [3]. An NRPS
comprises a set of distinct modules. Each module is respon-
sible for recognition, activation, covalent binding and, if
necessary, modification of one substrate to be incorporated
in the peptide product. The location of modules within an
NRPS dictates the amino acid sequence in the peptide
product [1]. Each module carries out different reactions
which are catalysed by specialised domains that represent
almost independent structural units linked by flexible
regions [4,5]. The substrate specificity of a module is
defined by the adenylation (A)  domain, which recognises
the corresponding carboxy- or amino acid substrate and
then activates it as an aminoacyl adenylate through ATP
hydrolysis [6]. The aminoacyl adenylate product is then
covalently linked to the cysteamine thiol group of the cofac-
tor 4′-phosphopantetheine (4′-PP) which is attached to a
serine residue within a sequence motif (core T;
[I/L]GG[D/H]SL in single-letter amino acid code) con-
served among all peptidyl carrier protein (PCP) domains
[7–10]. In most NRPS modules, this PCP domain (also
known as a thioester or T domain) is located downstream of
the A domain. Once the activated amino acid is fixed to
PCP it can, without losing the covalent linkage, be treated
by optional modifying domains (e.g., an epimerisation
domain) which are usually located downstream of the PCP
domain. The next step in the peptide synthesis is catalysed
by the condensing (C) domain, which catalyses peptide-
bond formation between the amino acids bound to the
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4′-PP cofactors of the PCP domains in two adjacent
modules. This reaction results in a peptide product teth-
ered to the second PCP domain and release of the free
sulfhydryl group of the first 4′-PP moiety. The next peptide
bond is formed by the adjacent downstream C domain
between the peptide linked to the second PCP domain and
the amino acid linked to the third PCP domain [11]. In this
way the reaction is continued until all amino acids are incor-
porated into the peptide chain, which is then released from
the last module either by hydrolysis or cyclisation. Cyclisa-
tion is catalysed by internal thioesterase domains fused C-
terminally to the last module of the majority of NRPSs [12].
Figure 1a illustrates the organisation of an NRPS gene
cluster and the modular structure of the encoded proteins.
The NRPS mechanism of peptide synthesis resembles
that used for fatty acid and polyketide synthesis. Type I
polyketide synthases (PKSs), as well as higher fatty acid
synthases (FASs), also display a modular organisation and
catalyse a repeated reaction cycle of decarboxylative con-
densation of smaller acyl groups. Whereas, FASs catalyse
the condensation of fully reduced substrates by ketore-
duction, dehydration and enoylreduction, PKSs can skip
or modify some of the steps of this reduction cycle and
thus give rise to a structural diversity of products. In con-
trast to these modular type I systems, type II systems of
FASs and PKSs consist of catalytic sites located on distinct
proteins rather than on domains. The principle of division
of labour is also realised in type II systems, however, and
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Figure 1
Organisation of nonribosomal peptide
synthetases, sequence characteristics of PCPs
and modification of PCP. (a) Top: the tyc
operon from B. brevis is shown as an example
of an NRPS gene. The operon contains three
genes, tycA, tycB and tycC; red bars represent
the adenylation (A) domains (with substrate
specificity given), green bars the PCP (T)
domains, blue bars the epimerisation domains,
white bars the condensation (C) domains and
the purple bar represents the internal
thioesterase domain. The coloured balls depict
the domains resulting from the expressed
genes; the two modules TycC3 and TycC4
from TycC each contain an A, T and C domain.
The 4′-PP cofactor with its thiol group is
indicated schematically attached to the green
PCP domains. Bottom: sequence comparison
of representative PCP domains with polyketide
synthase (PKS) ACP and fatty acid synthase
(FAS) ACP sequences; the conserved core T
motif is highlighted in green, and the residues
that match the consensus are in yellow.
Positions of the first and last listed residue of
each PCP within the corresponding peptide
synthetase are in brackets. Eight sequences
are aligned: TycC3–PCP, B. brevis tyrocidine
synthetase III, third PCP domain;
SrfAB1–PCP, B. subtilis surfactin synthetase
II, first PCP domain; BacA1–PCP,
B. licheniformis bacitracin synthetase I, first
PCP domain; GrsA–PCP, B. brevis gramicidin
S synthetase I, PCP domain; act–ACP,
S. coelicolor actinorhodin synthase ACP;
dps–ACP, S. peucetius daunorubicin synthase
ACP; FAS–ACP (Eco), E. coli FAS ACP;
FAS–ACP (Bsu), B. subtilis FAS ACP.
(b) Unmodified apo-PCP (green) has to be
provided with a 4′-PP cofactor in order to be
functional. The transfer of the pantetheine
chain of a coenzyme A substrate to the
conserved serine residue (Ser45 in
TycC3–PCP) is catalysed by a specific
4′-PPtase such as Sfp (top reaction). The 
so-equipped holo-PCP accepts the activated
amino acid from the upstream A domain (red)
to form an aminoacylated holo-PCP.
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there are distinct acyl carrier proteins (ACPs) that use a
4′-PP cofactor for fixing the growing fatty acid or poly-
ketide chain during synthesis [13,14].
The solution structures of two type II ACPs have been
solved: the FAS ACP from Escherichia coli and the acti-
norhodin PKS ACP from Streptomyces coelicolor A3(2)
[15–17]. Our group has previously shown that a distinct
PCP, which was derived from an NRPS, can serve in vitro
as a substrate for both modification with the 4′-PP cofactor
using 4′-phosphopantetheine transferases (PPTases), and
for acylation by an A domain. Such a PCP domain should,
therefore, be comparable to the type II ACP counterparts,
because although it acts in a different system it depicts a
similar carrier function [7].
Post-translational modification of PCP with the PPTase
loads the cofactor by forming a phosphodiester linkage
between the conserved serine residue of PCP and the 
β-phosphate of a coenzyme A (CoA) substrate molecule
(Figure 1a). Priming of each PCP domain within an NRPS
is carried out by specific PPTases. It seems that specific
PPTases are required for each NRPS as well as for the
PKS and FAS systems. For example, ACPS (holo-acyl
carrier protein synthase) in E. coli is required to prime FAS
ACP, Gsp is required in Bacillus brevis to prime gramicidin
S synthetase (an NRPS), and Sfp is needed in Bacillus sub-
tilis to prime surfactin synthetase (also an NRPS). Recent
studies on some of these PPTases have revealed, however,
that Sfp exhibits a broad substrate specificity towards
several PCPs as well as ACPs from FAS and PKS [8].
Recently, our understanding of nonribosomal peptide syn-
thesis has increased following determination of the crystal
structure of the phenylalanine-activating domain of
B. brevis gramicidin S synthetase I (GrsA) [18]. The crystal
structure of the PPTase Sfp, a protein that primes NRPSs
to their holoform, has also been determined [19]. In order
to further characterise interactions between domains that
build the modules of NRPSs, we have solved the structure
of a prototype PCP.
Results
As a prototype of an NRPS PCP domain, the third PCP
domain of the B. brevis tyrocidine synthetase 3 (TycC)
[20] was cloned and overexpressed in E. coli as a C-termi-
nal His6-tagged protein of 91 residues. The protein was
designated TycC3–PCP in order to indicate that this is a
distinct PCP that was derived from the modular protein
TycC (Figure 1a). Residues 2–83 of this construct are
identical to the TycC residues 3032–3113, whereas the
first residue and the last eight residues are from the
His6-tag expression vector. 
The protein (not coexpressed with a PPTase, see the
Materials and methods section) was checked to be
phosphopantetheinylated in vitro by incubation with the
PPTase Sfp and radioactive CoA. Cooperation with the
corresponding A domain was tested by incubation with
radioactive tryptophane and the TycC3 A domain [11]
(data not shown). Phosphopantetheinylated PCP (co-
expressed with a PPTase, see the Materials and methods
section) and unmodified PCP (not coexpressed) showed
the same nuclear Overhauser effect (NOE) spectra; it is
therefore assumed that the 4′-PP cofactor is flexible and
extended away from the protein into the bulk solution
such that it does not interact with the protein. This same
observation was made for both PKS ACP and FAS ACP.
The protein was denatured during purification to obtain
better yields and less degradation by proteases. Unfolding
and correct refolding could be observed in 1H spectra.
Refolded TycC3–PCP showed the same activity in phos-
phopantetheinylation assays with Sfp as a native prepara-
tion of TycC3–PCP.
Unlabelled, uniformly 15N-labelled, and uniformly
15N/13C-labelled samples were prepared as described in
the Materials and methods section. The linewidths of the
nuclear magnetic resonance (NMR) spectra and 15N relax-
ation analysis indicated that PCP is monomeric in solution.
Sequential assignment and secondary structure of
TycC3–PCP
Sequential assignment of the backbone amide proton
signals of TycC3–PCP was based on the standard proce-
dure [21,22], using a set of three-dimensional (3D)
NOESY–HSQC, 3D TOCSY–HSQC, CBCA(CO)NH and
HNCA spectra. Assignment could be achieved for all
amide protons except those of Met1, Gly43–Ser45, and the
C-terminal four histidine residues. In the HSQC spectrum
nearly all of the peaks are of similar intensity, the exception
are the amide protons between Ile41 and Ser45, which
become weaker with increasing residue number until no
peaks are observable for Gly43–Ser45. This effect corre-
lates with a diminishing number of observable 1H–1H
NOEs for these residues. The uniformity of intensity of
most of the NH peaks in the HSQC spectrum indicates
that PCP has a well-defined overall structure with only the
region between residues 41–46 (comprising the core T
motif IGGHSL) having increased mobility (Figure 2). The
sidechain resonances have been assigned using the 3D
1H–15N TOCSY–HSQC and 3D HCCH–TOCSY spectra,
with additional information from two-dimensional spectra.
No sidechain assignment could be achieved for residues
1–3 and 43–45. All protons of Pro72 have been assigned,
and proline residues 11, 64 and 72 all showed the character-
istically strong HNi–1–Hδi and Hαi–1–Hδi (Xi–1–Pi) contacts
and were therefore assigned to have a trans amide bond
conformation. HαHN 3J coupling constants were extracted
from the 3D HNHA spectrum: the couplings with 3J < 5 Hz
were taken as indicators for helix conformation, whereas the
couplings with 3J > 8 Hz point to β-strand conformations.
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The NMR secondary structure indicators are shown in
Figure 3. Slow-exchanging amide protons were detected in
a 2D NOESY after lyophilisation and redissolving in D2O.
After more than six months a whole subspectrum of non-
exchanging amide protons was still visible, indicating that
these are highly stabilised amides, most of them forming
hydrogen bonds within the four helices of the protein.
Figure 3 shows the four helices of PCP. Helix 1 begins at
Ala14 and ends with Leu27, followed by a loop of 18
residues that ends with Ser45, the site of cofactor binding.
Residues Leu46 to Glu58 form helix 2 and helix 3 starts
directly behind Pro64 and ends with Ala70. There are only
four amino acids in between helix 3 and helix 4, which
starts at Ile74 and ends with the last but one native amino
acid of the construct, Ala82. This secondary structure
resembles those of both FAS ACP from E. coli and PKS
ACP from S. coelicolor. Both ACPs have been described as
four-helix bundles of the same general topology.
Tertiary structure calculation
To calculate the three-dimensional structure, interproton
distances were extracted mainly from the 3D 1H–15N
NOESY–HSQC and the 13C-separated NOESY–HSQC. A
total of 802 NOEs were converted to distance constraints
and their distribution is shown in Figure 4. The 20 struc-
tures with the lowest total energy of the calculated 100
structures are superimposed in Figure 5a. With the excep-
tion of the N terminus and a part of the first loop (residues
40–44), the structure family has good convergence, espe-
cially in helices 1 and 2. Two subfamilies can be distin-
guished in the less well-defined part of the loop. None of
these families has distance violations greater than 0.5 Å or
angle deviations of more than 5° from experimental con-
straints. The root mean square deviation (rmsd) plot in
Figure 4 shows only two regions with higher degrees of
disorder: the N-terminal part of PCP is not well defined
and starts to become ordered around residue 14, and the
long first loop shows very good convergence until Phe38
(which might be fixed to some degree by involvement in
the hydrophobic core of the protein) where the rmsd
increases to a maximum at Gly43.
The minimised mean structure calculated from this super-
position is shown as a ribbon model in Figure 5b. The
410 Structure 2000, Vol 8 No 4
Figure 2
The 1H–15N HSQC spectrum of TycC3–PCP
at pH 5.05. Assigned amide proton signals are
labelled; sidechain NH2 signals are indicated
by bars. The ε protons of Arg25, Arg57 and
Arg84 are folded into the spectrum.
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20 members of the final family have an overall backbone
rmsd value of 0.56 Å to the minimised mean for residues
14–27 and 46–82. Table 1 provides statistics of the final
structure family. For residues 8–82 of the mean structure,
six non-glycine residues fall into forbidden regions of the
Ramachandran plot, seven are in generously allowed
regions, eight in allowed regions and the remaining residues
are in the most favoured areas of the plot. Those residues of
the mean structure that lie in forbidden regions (Tyr8,
Ala10, Ile32, Ile34, Asp36 and Ile41) show larger distribu-
tions of φ and ψ angles within the structure family and each
of the residues is distributed among forbidden and allowed
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Figure 3
Secondary structure elements. The four
helices are shown above the amino acid
sequence of TycC3–PCP. Filled circles
indicate small 3J(HN–Hα) coupling constants
(< 5 Hz), whereas open circles represent large
constants (> 8 Hz). NOE intensities (weak,
medium or strong) are represented by the
heights of the bars. Differences of
13Cα chemical shifts from random coil values
are shown as bars in the row below the NOEs.
Non-exchanging backbone amide protons are
marked in the bottom row as filled circles.
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regions in the Ramachandran plot. These six residues are
located in poorly defined regions of the structure.
The three-dimensional structure of PCP
PCP forms a distorted antiparallel four-helix bundle
(Figure 5). Helices 1 and 2 are the two dominating helices;
they are longer than the helices of the second half of the
protein and form the back of the molecule. Helices 3 and 4
are packed onto helices 1 and 2 to form the front of the
molecule. The third helix lies nearly orthogonal to helices
1 and 2, and a short turn connects it to helix 4 at an angle of
approximately 50°, so that helix 4 is again nearly antiparal-
lel to helix 1. Helices 2 and 3 are connected by a short loop
(Tyr59–Pro64) that starts with a turn and proceeds antipar-
allel to helix 2 and then ends in a kink at Pro64. The long
first loop has contacts to helix 1 (Trp23 and Glu24), helix 3
(Leu68), and helix 4 (Ile74, Lys75 and Leu77). Interest-
ingly, Phe39 points away from the molecule and its
sidechain is exposed to the solvent. In general, the mol-
ecule surface appears fairly uncharged, and some
hydrophobic sidechains (e.g., Val9, Leu35, Ile41, Gly42,
Leu46 and Phe69) are located on the solvent-exposed
surface. Residues 42–45 of the loop fall into two structural
subfamilies with an approximate population ratio of 2:3.
Two signals for Asn37 were detected in the HSQC and 3D
1H–15N NOESY–HSQC spectra. As the intensity ratio of
these two signals is also approximately 2:3, however, no
difference in the NOE patterns of these two signals could
be observed. Furthermore, the sidechain amide protons of
Gln40 show small extra peaks adjacent to the main signals
in the HSQC, but they are not resolved in the 3D spectra.
The N-terminal seven residues of TycC3–PCP are
unfolded and give no medium- or short-range NOEs. The
20 final structures were totally divergent in these residues,
and for clarity are not shown in Figures 5 and 6. The
remaining residues between the unstructured N terminus
and the first helix are also poorly defined, but some unam-
biguous contacts from Tyr8 to residues 32 and 33 fix this
loop to the protein body and suggest that this part of the
protein (from Tyr8 onwards) already belongs to the struc-
tural PCP unit, whereas the first seven amino acids appear
to be part of the flexible linker to the preceding A domain. 
All four helices have an amphipathic character with the
majority of hydrophobic sidechains pointing to the inner
molecule and the polar sidechains facing towards the
solvent. Residues contributing to the hydrophobic core of
PCP are shown in Figure 5c. These residues belong to
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Figure 4
Relaxation data, NOEs and rms distribution.
(a) The transverse autorelaxation rate R1ρ
(filled circles), for a spin-lock field of 2.0 kHz,
together with the transverse cross-correlation
rate η (open circles) versus residue number.
(b) The number of NOE contacts per
residue: sequential (black), medium-range
(white), and long-range (grey). (c) The
backbone atomic rmsd value of the final
family of 20 structures relative to the
minimised mean structure. The structures
were fitted to residues 14–38 and 46–82. 
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helix 1 (Val15, Leu19, Trp23 and Leu27), helix 2 (Ala48,
Val51, Val52 and Val55), helix 3 (Leu68), helix 4 (Leu77,
Val81) and to the two loops between helices 1 and 2 (Ile32
and Phe38) and between helices 2 and 3 (Tyr59, Val61
and Leu63). All helices, as well as the two loops, take part
in formation of the hydrophobic core of PCP.
Flexibility in the cofactor-binding region
In order to interpret the absence of signals for Gly43 to
Ser45 and the implications for structural variability in the
surrounding residues, transverse autorelaxation rates and
transverse cross-correlation rates between 15N CSA
(chemical shift anisotropy) and 15N–1H dipole–dipole
interactions were determined for the amide 15N nuclei
(Figure 4a). Two regions were of note. Firstly, residues
30–32 show slightly reduced rates, suggesting flexibility,
which is plausible because this part of the long loop is
solvent exposed. Secondly, the region of special interest,
residues 41–47, shows higher transverse relaxation rates
together with unchanged cross-correlation values. The
difference between the two curves was only weakly
affected by the strength of the applied spin-lock field so
that the time constant for the motions occurring in this
part of PCP must be on a faster time scale than the time
window of the T1ρ experiment, which is the inverse of the
applied spin-lock field. In contrast, the time constant
must be slower than the overall tumbling of the molecule
as it does not affect the cross-correlation rates. The time
constant for the loop motions is estimated therefore to be
in the range 0.01 to 100 µs.
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Figure 5
Stereoviews of the PCP structure. Residues
8–83 of PCP are shown; the unfolded
N-terminal part and the C-terminal His-tag
sequence are omitted for clarity.
(a) Backbone traces of the final family of 20
structures with lowest energies. The
conserved serine residue is shown with its
sidechain in red. (b) Ribbon diagram of the
PCP structure. Residue numbers are located
at the first and last amino acid of each helix.
Ser45 is highlighted. (c) Sidechains that form
the hydrophobic core of the molecule;
aromatic residues are in red and aliphatic
sidechains in yellow. (The figure was
generated using MOLMOL [54] and POVRAY
http://www.povray.org.)
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Discussion
Defining the structural unit of the NRPS PCP domain 
The two ACPs for which the three-dimensional structures
are known constitute separate single protein units. This is in
contrast to PCP, which is a domain of a larger modular
enzyme; each module comprises different domains on a
single polypeptide chain. A so-called minimal module of an
NRPS comprises an A domain (~550 residues) for substrate
recognition and adenylation, and a small PCP domain of
approximately 75 residues that acts as the cofactor-binding
site to which the substrate is attached by a thioester linkage.
As the exact borders of conserved and less conserved parts
of protein sequences in interdomain regions (e.g.,
between the proceeding A domain and PCP or between
PCP and the following domain, which might be a C
domain) are often difficult to define, it was not possible to
determine the exact boundaries for the PCP domain prior
to this study. Misfolding and solubility problems can arise
from incorrectly designed domains when trying to express
recombinant peptide synthetases in heterologous hosts.
The solution structure of PCP clearly indicates that the
first seven residues of the construct are not part of the
structural unit of the PCP domain, because they are not
folded and do not interact with the rest of the folded
protein structure. Sequence alignments of the region con-
necting PCP to the preceding A domain show no homolo-
gies for these amino acids (data not shown), suggesting that
this region is indeed a flexible linker between the last
homologous residues of the A domain and the first 
structured residue Tyr8 of PCP. The segment between
Tyr8 and the first helix of PCP shows some interactions
with the rest of the protein (similar NMR linewidths to
those of the bulk protein). If one also notes that the
lipophilic residue Tyr8 is conserved among the NRPS PCP
domains, the minimal structural core of the PCP domain
can now be defined as starting 37 amino acids prior to the
conserved serine residue and extending to the amino acid
approximately 37 residues C-terminal to this serine.
Stachelhaus et al. [7] previously described a distinct PCP
construct, which was derived from the first module of tyroci-
dine synthetase A between residues 415–521 (TycA–PCP).
The protein was shown to accept an amino acid from an A
domain as a thioester, and we originally started our NMR
with this TycA–PCP. Insurmountable problems with the
solubility and the folding of this construct in concentrations
suitable for NMR caused us to stop using TycA–PCP and
work with the TycC3 construct presented here. We now
know that TycA–PCP has 30 amino acids more at the N ter-
minus than our structure suggests, and this long unfolded N-
terminal region probably led to aggregation and misfolding.
PCP and other acyl carrier proteins
The sequence alignment shown in Figure 1a indicates
that PCP and its ACP counterparts from FAS and PKS are
not homologous with the exception of the core T motif,
the site of cofactor binding. A comparison of the calcu-
lated pI values of TycC3–PCP, FAS ACP and PKS ACP
reveals a striking difference: the ACPs are acidic proteins
(both have pI values of 3.8), whereas PCP is neutral
414 Structure 2000, Vol 8 No 4
Figure 6
Comparison of the PCP structure with those
of PKS and FAS ACPs. Ribbon diagrams
(top) and electrostatic surface plots (bottom)
for the three carrier proteins: (a) fatty acid
synthase ACP, (b) PCP and (c) actinorhodin
synthase ACP. The helical residues are shown
as red ribbons and the surfaces are coloured
according to electrostatic potential: blue,
positive, white, neutral, and red, negative. All
three surfaces are shown using the same
potential scale. The PCP and ACP structures
are viewed in approximately the same
orientation as in Figure 5. (The figure was
prepared using MOLMOL [54] and POVRAY
(http://www.povray.org) for the ribbons and
GRASP [55] for the surfaces.)
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(pI 6.3 for residues 2–83 corresponding to TycC; other
PCPs show similar values). This observation is in agree-
ment with a relatively uncharged surface compared with
that of the two ACPs (Figure 6). The fact that PCP is
linked to its cooperating neighbour domains in a peptide
synthetase makes the extended uncharged surface areas
plausible. It seems likely that large parts of the surface are
covered by the surrounding domains in the native envi-
ronment of PCPs and the domain interactions will be sta-
bilised by the reduction of solvent accessible nonpolar
surface area. In contrast, type II ACPs from FAS or PKS
are single proteins and must specifically recognise their
partner proteins to form functional complexes. Neverthe-
less, at present it is not clear if the hydrophobic interface
of PCP is solely sufficient for the correct arrangement of
the domains within an NRPS module or if some of the
charged sidechains also form a polar binding motif.
How does PCP interact with other domains or proteins? 
Neither the crystal structure of the phenylalanine-activat-
ing domain of gramicidin S synthetase I (PheA) [18] nor
the crystal structure of the PPTase Sfp [19] provide any
clues as to how both proteins can interact with PCP.
Therefore, the details as to how PCP is recognised by a
PPTase such as Sfp and the orientation between PCP and
the corresponding A domain that is necessary for accept-
ing the activated amino acid remain unclear. The modifi-
cation with the 4′-PP cofactor and the formation of the
thioester with the amino acid substrate provided by the A
domain both require that PCP makes a tight contact with
the target protein. The observed flexibility and conforma-
tional variation around the phosphopantetheinylation site
(residues 41–47) might play an important role in these
interactions. The motion of the residues around the target
serine for phosphopantetheinylation leads to variable
surface properties in this region; this variation might be
necessary for fitting into the active site of PPTases. Fur-
thermore, for the phosphopantetheinylated holo-PCP, the
flexibility could be important for providing a surface that
can fulfil different functions. The C domain might need a
different conformation of PCP around the cofactor than
the A domain. In most FAS and PKS ACP sequences, the
phosphopantetheinylation motif does not differ from the
conserved sequence of PCPs, apart from the second
glycine residue which is replaced by sterically more
demanding residues. In ACP structures this motif did not
show the flexibility observed for PCP. In all three struc-
tures, however, the entire loop in general is less well
defined than the main body of the structure.
The first helix of PCP is approximately one full turn
longer than in both ACP structures (Figure 6, top),
whereas the following loop is significantly shorter than
the loops of the ACPs (PCP, 18 residues; FAS ACP, 21;
PKS ACP, 24). The first part of the PKS ACP loop shows
a higher degree of disorder than the corresponding
residues of PCP that are fixed within the last turn of helix
1. The differences in the conformations of the long loop
between helix 1 and helix 2 might play a role in substrate
recognition by PPTases. ACP synthase (the E. coli
PPTase for the FAS ACP), for example, did not modify
PCPs in vitro [8] or in vivo, as post-translational phospho-
pantetheinylation of PCP during overexpression in E. coli
is less than 2% [23].
The structural properties of the flexible region around the
conserved Ser45 residue play a crucial role in substrate
recognition by Sfp. Quadri et al. [24] synthesised a
19-residue peptide comprising this flexible region of the
first surfactin synthetase B domain PCP (SrfAB1–PCP,
residues 987–1005, corresponding to residues 33–51 of
TycC3–PCP; see Figure 1) and they did not detect modifi-
cation of this region with the cofactor. This peptide was also
unable to inhibit phosphopantetheinylation of the entire
SrfAB1–PCP. This indicates that the arrangement of the
structural elements within PCP ensures the correct presen-
tation of the Ser45-containing part of the loop for a priming
reaction with CoA that is located in the active site of Sfp. In
our structure, Phe38, which is highly conserved among
PCPs, takes part in formation of the hydrophobic core and
anchors the middle of the loop on the protein body.
No evidence for a peptide-binding pocket
For both ACPs, putative stabilisation of the growing fatty
acid (or polyketide chain) was assumed to be provided by
either the extended hydrophobic core of FAS ACP or by a
hydrophobic pocket in PKS ACP [15–17]. PCP does not
have a pocket or pocket region that can be clearly classi-
fied as a resting position or stabilisation site for a growing
peptide chain. This seems reasonable, because binding of
the substrate and stabilisation on the protein surface or in a
pocket would decrease the advantage of having the 4′-PP
cofactor, which is believed to provide additional flexibility
in order to serve the different reaction loci within an
NRPS module. If the amino acid substrate does not inter-
act closely with the PCP domain, a substrate specificity of
PCPs can clearly be ruled out. Nevertheless, recent
studies have  shown a degree of clustering into different
groups when PCP sequences are aligned. Clusters of PCPs
preceding an epimerisation domain could be distinguished
from PCPs that have a condensation domain downstream
[25]. This is in agreement with loss of activity that was
sometimes observed when designing hybrid NRPS
systems. We propose that the interface between PCP and
its partner domains holds the key to a productive catalytic
interaction. Uncovering specific domain interactions at the
molecular level will be an important step towards under-
standing the molecular principles of nonribosomal peptide
synthesis. This information will in turn be necessary to
build up and expand the ‘toolbox’ of NRPSs, which can
then be used for constructing recombinant enzymes that
might provide us with valuable peptides.
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Biological implications
The solution structure of a prototype peptidyl carrier
protein (PCP), which represents a distinct PCP domain
derived from the corresponding module of a nonriboso-
mal peptide synthetase (NRPS), has been determined.
The NRPSs form a large set of modular enzymes that
are responsible for assembling a variety of bioactive pep-
tides, such as penicillins, cephalosporins and
cyclosporins. The modular organisation of NRPSs
enables product formation based on a division of labour,
with modules being subdivided into functional domains.
Each PCP domain is post-translationally primed at a
highly conserved serine residue by a 4′-phosphopanteth-
eine transferase (PPTase), with a cofactor that is respon-
sible for the covalent fixation of the amino acid substrate.
The modular structure of NRPSs provides not only a
flexible tool for creating new peptides during evolution by
module and domain swapping, but makes NRPSs of
interest for constructing recombinant peptide syn-
thetases.
The structure of PCP provides insight into the molecular
architecture of NRPSs and into the mechanism of their
domain interactions, which are the basis for the produc-
tive cooperation of different catalytic units. PCP resem-
bles the fold of type II fatty acid and polyketide synthase
acyl carrier proteins (ACPs) to which it is functionally
related. PCP, however, represents a domain of a
modular enzyme and not a distinct protein. This differ-
ence could explain the uncharged surface of PCP, which
might provide contact interfaces to the surrounding
domains within the NRPS. In contrast, the distinct
ACPs are acidic and negatively charged. Regions of
PCP that differ in structure from its ACP counterparts
are likely to be involved in productive interactions with
corresponding partners. In particular, the configuration
of a long loop of PCP, which contains the phosphopan-
tetheinylated Ser45 residue, should be important for
recognition by a specific PPTase. This flexible part of the
loop enables a conformational diversity that could be
necessary for functional interactions with the other
domains.
On the basis of the PCP structure, the boundaries for
the PCP domain can now be stated on a structural
basis. For a functional recombinant NRPS, the domain
interactions are of crucial importance. On-going struc-
tural investigations should help to develop recombinant
NRPSs that catalyse the synthesis of bioengineered pep-
tides with high efficiency.
Materials and methods
Cloning of the construct
Chromosomal DNA of B. brevis ATCC 8185 was used as polymerase
chain reaction (PCR) template to amplify the tycC fragment coding for
the third PCP domain of this gene [20]. The primers 5′-TycC3–PCP
(5′-TTAGCATGCCCGTAACCGAAGCGC-3′) and 3′-TycC3–PCP (5′-
AAAAGATCTCGTGGCGACATACTG-3′) were designed to introduce
restriction sites required for cloning (bold, restriction sites; italicised,
modified bases). The Expand long-range PCR system (Boehringer
Mannheim, Germany) was used, adapting the manufacturer’s protocol
to short fragment size. After digestion with SphI and Bgl II the
254 base pair (bp) fragment was cloned using standard methods [26]
into the referring restriction sites of pQE70 (Qiagen, Hilden, Germany)
and the insert was sequenced on an ABI prism 310 genetic analyser.
After transformation of this plasmid, designated pQE70–TycC3–PCP,
into E. coli BL21λDE3 (pREP4) cells [27] (pREP4: Qiagen, Hilden,
Germany), the expression system was called BL21–TycC3–PCP and
used for protein preparations. To obtain phosphopantetheinylated
PCP, pQE70–TycC3–PCP was also transformed into the BL21
(pREP4-Gsp) expression system described by Stachelhaus et al. [11],
which enables post-translational modification of PCP with the cofactor.
Overexpression and sample preparation
For unlabelled sample preparation 5 l of 2YT medium [26] containing
100 µg/ml ampicillin and 25 µg/ml kanamycin were inoculated with
50 ml of an overnight preculture (grown under the same conditions)
and were grown at 37°C and 250 rpm to an OD600 of about 0.7,
induced with IPTG (1 mM), and incubated for additional 2 h. Cells were
harvested by centrifugation at 6000 g for 15 min and the cell pellet was
redissolved in two volumes of lysis buffer (50 mM sodium phosphate
pH 7.5, 8 M urea) and stirred for a minimum of 2 h. After centrifugation
at 100,000 g for 45 min the supernatant was applied to a Ni–NTA
column (Qiagen, Hilden, Germany). After washing with lysis buffer the
column was equilibrated with cleaning buffer (50 mM sodium
phosphate pH 7.5). A linear gradient to elution buffer (cleaning
buffer plus 250 mM imidazole) was used to elute the protein. PCP-con-
taining fractions were pooled, adjusted to 8 M urea again and dialysed
against NMR buffer (50 mM sodium phosphate pH 5.05). The sample
was concentrated using amicon centriprep and centricon concentra-
tors (3 kDa cut-off; Millipore GmbH, Eschborn, Germany). Unlabelled
samples were supplied with 10% D2O, for deuteration of acidic
protons the corresponding sample was submitted to repeated lyophili-
sation and redissolving in D2O. Protein concentration was usually
about 1.8 mM. All steps that required use of 8 M urea were carried out
at room temperature, otherwise work was done at 4°C.
Labelled PCP samples were prepared as described above from cells
grown in M9 minimal medium [26] supplied with same amounts of
antibiotics as described before. 15NH4Cl and, for 13C-labelling, 13C-
glucose was used instead of nonlabelled chemicals as sole nitrogen
and carbon sources.
NMR spectroscopy
NMR experiments were carried out at 300K on Bruker AMX 500, DRX
500, DRX 600 and DMX 750 spectrometers. All spectrometers were
equipped with triple resonance (1H, 13C, 15N) probe heads and pulsed-
field gradient (PFG) accessories. For backbone assignment triple reso-
nance experiments CBCA(CO)NH, CT–HNCA and CT–HNCO were
recorded [28,29]. Isotropic mixing [30] was performed with DIPSI-2
[31] or MLEV–17 [32] spin-lock sequences. Water suppression in
experiments recorded on samples in H2O was achieved by incorpora-
tion of a WATERGATE sequence [33] into the various pulse
sequences. Residual water in experiments measured on samples in
D2O was removed by application of a weak presaturation field. Quadra-
ture detection in all indirectly detected dimensions was obtained
through STATES–TPPI phase cycling [34]. Triple resonance experi-
ments, 2D TOCSY [35] (tm = 57 ms), 3D 1H–15N TOCSY–HSQC [36]
(tm = 58 ms), long mixing time 2D NOESY [37] (tm = 120 ms) and long
mixing time 3D 1H–15N NOESY–HSQC [38,39] (tm = 120 ms) experi-
ments in H2O were recorded as water flip-back version. The 13C-sepa-
rated NOESY–HSQC [40] experiment was performed in D2O with a
mixing time of 110 ms. Sidechain resonances were assigned using 2D
NOESY (tm = 70 ms and 120 ms) in D2O, 3D 1H–15N TOCSY–HSQC
and 3D HCCH–TOCSY [41] (tm = 8 ms and 19 ms) experiments.
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Some aromatic χ1 angles were obtained from 2D 13C′-[13Cγ[aromat-
ics]] spin-echo difference together with 2D 15N–[13Cγ [aromatics]]
spin-echo difference 1HN–15N HSQC experiments [42]. 2D 1H–15N
HSQC spectra with reduced signal loss due to the fast chemical
exchange were recorded using procedures described by Mori et al.
[43]. All 3D spectra were processed and evaluated with the software
CC–NMR [44]. Resolution in the indirect dimensions was increased by
linear prediction and zero-filling [45]. Modified versions of the experi-
ments proposed by Farrow et al. [46] and Tessari et al. [47], where
water suppression was achieved by the WATERGATE sequence rather
than by gradient-pathway-selection, were used to determine 15N T1ρ,
15N{1H} NOE and 15N(dipole-CSA) cross-correlation rates at 500 MHz
proton frequency. In the T1ρ experiments water saturation was avoided
by using low power water-flip-back pulses. Following the guidelines of
Jones et al. [48] relaxation periods of 16 ms + x * 32 ms for T1ρ with
x = 0, 1, 2, 3, 4 were used. Saturation of the amide protons in the het-
eronuclear NOE experiment was achieved by the application of a series
of 120° pulses prior to the experiment [49]. In the experiment of Tessari
et al. [47] the phase cycle as given in the paper is not correct: the
receiver phase should be cycled (P, –P, –P, P) with P = (x, –x, –x, x) not
(2P, 4(–P), 2P) as given in the publication. The relaxation delays used
for the cross-correlation experiments were 40 ms and 80 ms. For all
relaxation experiments at least 120 (15N) times 2048 (1H) data points
were acquired with spectral widths of 32 ppm (15N) and 12 ppm (1H).
All relaxation experiments were recorded in an interleaved manner to
reduce influence from possible instabilities in experimental conditions. 
NOE values are given simply by the ratio of the peak heights in the
experiment with and without proton saturation. To obtain T1ρ values, the
experimental data points (peak heights) were fit to a curve A
exp(–t/T1ρ) with a simple grid search. Uncertainties were determined
from double recording either of single data points or of the whole relax-
ation experiment. For the cross-correlation rates the ratios of signal
intensities (peak heights) from the cross-correlation experiment and the
corresponding reference experiment follow a simple linear relation T η
[47]. The difference between the rates η obtained from experiments
with two different relaxation delays served as error estimate. In
Figure 5a the average of both η is shown.
Assignment and structure calculation
Assignment and data-handling were performed using our software
NMRscout, which is based on CC-NMR [44]. Interproton distances
were derived from the 2D NOESY spectra in H2O and D2O, from the
15N-edited and the 13C-edited NOESY spectra. Peak heights were used
for quantification of peak intensities. Three classes of NOEs were distin-
guished: weak (1.8–5.0 Å), medium (1.8–3.5 Å), or strong (1.8–2.8 Å).
Intraresidual NOEs of some resolved aromatic sidechain protons were
converted to the appropriate standard distances; other NOE intensities
were then ascribed according to this internal calibration. 
Pseudo-atom corrections as introduced by Wüthrich [21] were applied
where recommended. The φ dihedral angles have been extracted from the
3D HNHA spectrum [50] with an error range of ± 30°. The tolerance for
χ1 angles was ± 40°. Hydrogen bonds were assumed for amide protons
within regular secondary structure elements (i.e., α helices) that showed
no exchange with D2O. Two distance constraints were set per hydrogen
bond; 1.9 Å (O-HN) and 2.9 Å (O-N). The structure calculation was per-
formed with the program X-PLOR version 3.1 [51,52]) using standard
protocols for simulated annealing [53]. For the final calculation a total of
802 NOE distance constraints was used, comprising 47 intraresidual,
287 sequential (∆i = 1), 215 medium- range (∆i = 2–4) and 253 long-
range (∆i > 4) NOEs. In addition, 27 hydrogen bonds, 63 φ angles, 3 ψ
angles and 6 χ1 angles were applied. One hundred starting structures
with extended strand conformations were submitted to a sequence of
restrained simulated annealing using 20,000 high and 16,000 cooling
steps and a restrained refinement using 2000 steps. In an early stage of
the structure calculations random coordinates for starting structures were
also used. Within the resulting structures 38 had no distance violations
greater than 0.5 Å. A family of 20 structures with lowest total energy was
used to calculate a mean structure using the standard X-PLOR protocol.
This structure was then subjected to a 1000-step restrained Powell min-
imisation to give a representative structure with no distance violation
greater than 0.37 Å and no dihedral violation greater than 4.0°. Statistics
of the final structure family are given in Table 1. 
Accession numbers
The minimised mean structure and the final family of 20 structures are
deposited in the Brookhaven Protein Data Bank under accession
code 1DNY.
Acknowledgements
We would like to thank Sascha Dökel who kindly provided the TycC3 expres-
sion system and Mohammad Mofid for help with the phosphopantetheinylation
assays. This work was supported by the Deutsche Forschungsgemeinschaft
(grants MA811/14-1 and SFB 413) and the Fonds der Chemischen Industrie.
References
1. Marahiel, M.A., Stachelhaus, T. & Mootz, H.D. (1997). Modular peptide
synthetases involved in non-ribosomal peptide synthesis. Chem. Rev.
97, 2651-2673.
2. von Döhren, H., Keller, U., Vater, J. & Zocher, R. (1997).
Multifunctional peptide synthetases. Chem. Rev. 97, 2675-2705.
3. Stein, T., et al., & Morris, H.R. (1996). The multiple carrier model of
nonribosomal peptide biosynthesis at modular multienzymatic
templates. J. Biol. Chem. 271, 15428-15435.
4. Stachelhaus, T. & Marahiel, M.A. (1995). Modular structure of peptide
synthetases revealed by dissection of the multifunctional enzyme
GrsA. J. Biol. Chem. 270, 6163-6169.
5. Dieckmann, R., Pavela-Vrancic, M., von Döhren, H. & Kleinkauf, H.
(1999). Probing the domain structure and ligand-induced
conformational changes by limited proteolysis of tyrocidine synthetase
1. J. Mol. Biol. 288, 129-140.
6. Turgay, K., Krause, M. & Marahiel, M.A. (1992). Four homologous
domains in the primary structure of GrsB are related to domains in a
superfamily of adenylate-forming enzymes. Mol. Microbiol. 6, 2743-2744.
Research Article  Solution structure of PCP Weber et al. 417
Table 1
Statistics of the final structure family.
Average ± Standard
deviation
Rmsd from experimental distance restraints
all (856) 0.041 ± 0.038
intra-residue (47) 0.082 ± 0.049
sequential (|i–j| ≤ 1) (287) 0.028 ± 0.015
medium range (2 ≤ |i–j| ≤ 4) (215) 0.045 ± 0.029
long range (|i–j| ≤ 5) (253) 0.038 ± 0.024
hydrogen bonds (54)* 0.082 ± 0.049
Rmsd from experimental dihedral 0.450 ± 0.428
angle restraints (°) (72)
Rmsd from idealised covalent geometry
bonds (Å) (1306) 0.004 ± 0.000
angles (°) (2375) 0.677 ± 0.005
impropers (°) (671) 0.491 ± 0.004
Rmsd from minimised mean structure (Å)
backbone atoms in the ordered part† 0.56 ± 0.09
heavy atoms in the ordered part† 1.24 ± 0.13
backbone atoms in helix 1‡ 0.43 ± 0.11
backbone atoms in helix 2§ 0.45 ± 0.10
backbone atoms in helix 3# 0.38 ± 0.12
backbone atoms in helix 4¶ 0.48 ± 0.15
The number of distance and dihedral angle restraints, bonds, angles
and impropers are given in parentheses. *Two distance restraints were
used for each hydrogen bond. †Structures best fitted to residues
14–38 and 46–82. ‡Residues 14–27. §Residues 46–58. #Residues
65–70. ¶Residues 74–82.
st8411.qxd  03/29/2000  12:42  Page 417
7. Stachelhaus, T., Hüser, A. & Marahiel, M.A. (1996). Biochemical
characterization of peptidyl carrier protein (PCP), the thiolation domain
of multifunctional peptide synthetases. Chem. Biol. 3, 913-921.
8. Lambalot, R.H., et al., & Walsh, C.T. (1996). A new enzyme superfamily
— the phosphopantetheinyl transferases. Chem. Biol. 3, 923-936.
9. Stein, T., et al., & Morris, H.R. (1994). Detection of 4′-
phosphopantetheine at the thioester binding site for L-valine of
gramicidin S synthetase 2. FEBS Lett. 340, 39-44.
10. Schlumbohm, W., Vater, J. & Kleinkauf, H. (1985). Reactive sulfhydryl
groups involved in the aminoacyl adenylate activation reactions of the
gramicidin S synthetase 2. Biol. Chem. Hoppe Seyler 366, 925-930.
11. Stachelhaus, T., Mootz, H.D., Bergendahl, V. & Marahiel, M.A. (1998).
Peptide bond formation in nonribosomal peptide biosynthesis.
Catalytic role of the condensation domain. J. Biol. Chem.
273, 22773-22781.
12. Konz, D. & Marahiel, M.A. (1999). How do peptide synthetases
generate structural diversity? Chem. Biol. 6, R39-R48.
13. Wakil, S.J. (1989). Fatty acid synthase, a proficient multifunctional
enzyme. Biochemistry 28, 4523-4530.
14. Hopwood, D.A. & Sherman, D.H. (1990). Molecular genetics of
polyketides and its comparison to fatty acid biosynthesis. Annu. Rev.
Genet. 24, 37-66.
15. Holak, T.A., Kearsley, S.K., Kim, Y. & Prestegard, J.H. (1988). Three-
dimensional structure of acyl carrier protein determined by NMR
pseudoenergy and distance geometry calculations. Biochemistry
27, 6135-6142.
16. Holak, T.A., Nilges, M., Prestegard, J.H., Gronenborn, A.M. & Clore,
G.M. (1988). Three-dimensional structure of acyl carrier protein in
solution determined by nuclear magnetic resonance and the combined
use of dynamical simulated annealing and distance geometry. Eur. J.
Biochem. 175, 9-15.
17. Crump, M.P., et al., & Simpson, T.J. (1997). Solution structure of the
actinorhodin polyketide synthase acyl carrier protein from
Streptomyces coelicolor A3(2). Biochemistry 36, 6000-6008.
18. Conti, E., Stachelhaus, T., Marahiel, M.A. & Brick, P. (1997). Structural
basis for the activation of phenylalanine in the nonribosomal
biosynthesis of gramicidin S. EMBO J. 16, 4174-4183.
19. Reuter, K., Mofid, M.R., Marahiel, M.A. & Ficner, R. (1999). Crystal
structure of the surfactin synthetase-activating enzyme Sfp: a
prototype of the 4′-phosphopantetheinyl transferase superfamily.
EMBO J. 18, 6823-6831.
20. Mootz, H.D. & Marahiel, M.A. (1997). The tyrocidine biosynthesis
operon of Bacillus brevis: complete nucleotide sequence and
biochemical characterization of functional internal adenylation
domains. J. Bacteriol. 179, 6843-6850.
21. Wüthrich, K. (1986). NMR of Proteins and Nucleic Acids. Wiley,
New York.
22. Bax, A. & Grzesiek, S. (1993). Methodological advances in protein
NMR. Acc. Chem. Res. 26, 131-138.
23. Gocht, M. & Marahiel, M.A. (1994). Analysis of core sequences in the
D-Phe activating domain of the multifunctional peptide synthetase
TycA by site-directed mutagenesis. J. Bacteriol. 176, 2654-2662.
24. Quadri, L.E., Weinreb, P.H., Lei, M., Nakano, M.M., Zuber, P. & Walsh,
C.T. (1998). Characterization of Sfp, a Bacillus subtilis
phosphopantetheinyl transferase for peptidyl carrier protein domains
in peptide synthetases. Biochemistry 37, 1585-1595.
25. von Döhren, H., Dieckmann, R. & Pavela-Vrancic, M. (1999). The
nonribosomal code. Chem. Biol. 6, R273-R279.
26. Sambrook, J., Fritsch, E.F. & Maniatis, T. (1989). Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor.
27. Studier, F.W. & Moffatt, B.A. (1986). Use of bacteriophage-T7 RNA-
polymerase to direct selective high-level expression of cloned genes.
J. Mol. Biol. 189, 113-130.
28. Grzesiek, S. & Bax, A. (1992). Correlating backbone amide and
sidechain resonances in larger proteins by multiple relayed triple
resonance NMR. J. Am. Chem. Soc. 114, 6291-6293.
29. Grzesiek, S. & Bax, A. (1992). Improved 3D triple-resonance NMR
techniques applied to a 31 kDa protein. J. Magn. Reson. 96, 432-440.
30. Braunschweiler, L. & Ernst, R.R. (1983). Coherence transfer by
isotropic mixing – application to proton correlation spectroscopy.
J. Magn. Reson. 53, 521-528.
31. Shaka, A.J., Lee, C.J. & Pines, A. (1988). Iterative schemes for bilinear
operators – application to spin decoupling. J. Magn. Reson. 77, 274-293.
32. Bax, A. & Davis, D.G. (1985). MLEV-17-based two-dimensional
homonuclear magnetization transfer spectroscopy. J. Magn. Reson.
65, 355-360.
33. Sklenar, V., Piotto, M., Leppik, R. & Saudek, V. (1993). Gradient-
tailored water suppression for 1H15N HSQC experiments optimized to
retain full sensitivity. J. Magn. Reson. A 102, 241-245.
34. Marion, D., Ikura, M., Tschudin, R. & Bax, A. (1989). Rapid recording
of 2D NMR-spectra without phase cycling — application to the study of
hydrogen-exchange in proteins. J. Magn. Reson. 85, 393-399.
35. Dhalluin, C., Wieruszeski, J.M. & Lippens, G. (1996). An improved
homonuclear TOCSY experiment with minimal water saturation.
J. Magn. Reson. B 111, 168-170.
36. Marion, D., et al., & Clore, G.M. (1989). Overcoming the overlap problem
in the assignment of 1H NMR spectra of larger proteins by use of three-
dimensional heteronuclear 1H-15N Hartmann-Hahn-multiple quantum
coherence and nuclear Overhauser-multiple quantum coherence
spectroscopy: application to interleukin 1β. Biochemistry 28, 6150-6156.
37. Lippens, G., Dhalluin, C. & Wieruszeski, J.M. (1995). Use of a water
flip-back pulse in the homonuclear NOESY experiment. J. Biomol.
NMR 5, 327-331.
38. Jahnke, W., Baur, M., Gemmecker, G. & Kessler, H. (1995). Improved
accuracy of NMR structures by a modified NOESY-HSQC
experiment. J. Magn. Reson. B 106, 86-88.
39. Talluri, S. & Wagner, G. (1996). An optimized 3D NOESY-HSQC.
J. Magn. Reson. B 112, 200-205.
40. Muhandiram, D.R., Farrow, N.A., Xu, G.Y., Smallcombe, S.H. & Kay,
L.E. (1993). A gradient 13C NOESY-HSQC experiment for recording
NOESY spectra of 13C-labeled proteins dissolved in H2O. J. Magn.
Reson. B 102, 317-321.
41. Kay, L.E., Xu, G.Y., Singer, A.U., Muhandiram, D.R. & Formankay, J.D.
(1993). A gradient-enhanced HCCH TOCSY experiment for recording
sidechain 1H and 13C correlations in H2O samples of proteins.
J. Magn. Reson. B 101, 333-337.
42. Hu, J.S., Grzesiek, S. & Bax, A. (1997). Two-dimensional NMR methods
for determining χ1 angles of aromatic residues in proteins from three-
bond J(C′C(γ)) and J(NC(γ)) couplings. J. Am. Chem. Soc. 119, 1803-1804.
43. Mori, S., Abeygunawardana, C., Johnson, M.O. & Vanzijl, P.C.M.
(1995). Improved sensitivity of HSQC spectra of exchanging protons
at short interscan delays using a new fast HSQC (FHSQC) detection
scheme that avoids water saturation. J. Magn. Reson. B 108, 94-98.
44. Cieslar, C., Ross, A., Zink, T. & Holak, T.A. (1993). Efficiency in
multidimensional NMR by optimized recording of time point phase
pairs in evolution periods and their selective linear transformation.
J. Magn. Reson. B 101, 97-101.
45. Edison, A.S., Abildgaard, F., Westler, W.M., Mooberry, E.S. & Markley,
J.L. (1994). Practical introduction to theory and implementation of
multinuclear, multidimensional nuclear magnetic resonance
experiments. Methods Enzymol. 239, 3-79.
46. Farrow, N.A., et al., & Kay, L.E. (1994). Backbone dynamics of a free
and phosphopeptide-complexed Src homology 2 domain studied by
15N NMR relaxation. Biochemistry 33, 5984-6003.
47. Tessari, M., Mulder, F.A.A., Boelens, R. & Vuister, G.W. (1997).
Determination of amide proton CSA in 15N-labeled proteins using 1H
CSA/15N-1H dipolar and 15N CSA/15N-1H dipolar cross-correlation
rates. J. Magn. Reson. 127, 128-133.
48. Jones, J.A., Hodgkinson, P., Barker, A.L. & Hore, P.J. (1996). Optimal
sampling strategies for the measurement of spin–spin relaxation times.
J. Magn. Reson. B 113, 25-34.
49. Markley, J.L., Horsley, W.J. & Klein, M.P. (1971). Spin-lattice relaxation
measurements in slowly relaxing complex spectra. J. Chem. Phys.
55, 3604-3605.
50. Vuister, G.W. & Bax, A. (1993). Quantitative J correlation — a new
approach for measuring homonuclear 3-bond J(H(N)H(α)) coupling-
constants in 15N-enriched proteins. J. Am. Chem. Soc. 115, 7772-7777.
51. Brünger, A.T. (1992). X-PLOR, Version 3.1: A System for X-ray
Crystallography and NMR. Yale University Press, New Haven.
52. Brünger, A.T. & Nilges, M. (1993). Computational challenges for
macromolecular structure determination by X-ray crystallography and
solution NMR-spectroscopy. Quart. Rev. Biophys. 26, 49-125.
53. Holak, T.A., Gondol, D., Otlewski, J. & Wilusz, T. (1989).
Determination of the complete three-dimensional structure of the
trypsin inhibitor from squash seeds in aqueous solution by nuclear
magnetic resonance and a combination of distance geometry and
dynamical simulated annealing. J. Mol. Biol. 210, 635-648.
54. Konradi, R., Billeter, M. & Wüthrich, K. (1996). MOLMOL: a program
for display and analysis of macromolecular structures. J. Mol. Graph.
14, 51-55.
55. Nicholls, A., Sharp, K.A. & Honig, B. (1991). Protein folding and
association: insights from the interfacial and thermodynamic
properties of hydrocarbons. Proteins 11, 281-296.
418 Structure 2000, Vol 8 No 4
st8411.qxd  03/29/2000  12:42  Page 418
